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The impact of high temperatures on rocks is a topic of growing importance in geotechnical engineering because of its relevance
to applications such as underground nuclear fuel storage, geothermal energy resource exploration, and underground coal
gasification (UCG). This paper presents results from tests performed on samples of sandstone treated to a range of
temperatures between 20 and 1000 °C. Sandstone samples obtained from underground coal gasification (UCG) trial sites in
Poland were selected for the tests. Multistage triaxial tests were used to determine the mechanical properties of the samples.
X-ray diffraction (XRD) and thermal analyses (TA) were performed to investigate the changes in the physical and chemical
properties of the samples under increasing temperature. Micro-computed gomography analyses were carried out on selected
samples in order to reveal the microstructural changes that take place as a result of the heating process. 3D characterization
of the sample porosity and pore size distribution were performed to obtain a quantitative comparison between samples
subjected to different temperature treatments. The relationship between micro-structure and macro-mechanical characteristics
of sandstone at high temperature is discussed. The results illustrate that the mechanical properties of sandstone are closely
related to alterations of microstructure that result from increased temperatures.

1. Introduction

The effect of high temperature on the thermo-mechanical response of rocks is important for several engineering applications, including
underground nuclear waste storage, geothermal energy resource exploration, and underground coa gasification (UCG). Generally, the
scope of high temperature ranges from normal temperatures (10-50 °C) to extreme temperatures (1000-1500 °C). Under the influence of
high temperatures, the mechanical properties of rock can change significantly and this influences the deformation and stability of rock
structures. Temperature dependent mechanical parameters such as strength, elastic modulus and Poisson's ratio are the basic parameters
relevant to deep underground excavation support design and stability analyses. Hence, the impact of high temperatures on rocks is
considered as an important topic in rock mechanics.

The deformation mechanisms and failure criteria of different types of rocks at high temperatures has been studied by various researchers
(Stesky et al. 1974; Heuze 1983; Rao et a. 2007; Wan et al. 2009; Zhang et al. 2009; Chen et a. 2012; Ranjith et al. 2012; Brotons et a.
2013; Wu et al. 2013; Liu et al. 2013; Zhang et al. 2014) and it has generally been shown that high temperature has a significant effect on
the mechanical properties of rocks. However, the extent of the effect has been shown to vary for different types of rock, depending on



factors such as mineral composition, porosity, density, and presence of cracks. The strength of crystalline and sedimentary rocks have been
found to increase when heated up to 800 °C, but decrease rapidly upon further heating (i.e. >800 °C) (Ranjith et al. 2012; Chen et al. 2012;
Wu et al. 2013; Zhang et a. 2014; Mao et al. 2009). For sedimentary rocks, a decrease in strength has been observed for moderate levels
of temperature increase (<200 °C), with less significant strength loss occurring at higher (>400 °C) temperatures (Zhang et a. 2009; Mao
et a. 2009). The temperature range of 400 to 600 °C has been observed to be the most significant in terms of changing rock property. The
rocks have also been noted to respond in a brittle manner up to temperatures between 400-600 °C, and be more ductile for higher
temperatures.

In the natural state, the rock microstructure commonly displays a complex mixture of minerals, bonding matrix, composite microcrack
systems and pores, which are formed during various natural processes (Vollbrecht et a. 1991). It is believed that the effects of high
temperature on the mechanical properties of rocks are closely related to their mineral composition and microstructure features. However,
dueto lack of effective techniques for microscopic observation, the deformation-failure mechanisms of rocks under high temperature were
not adequately addressed at the microscale in earlier studies. During the past few decades, with the increased diversity and
precision of experimental methods and techniques, researchers have been able to explore the microstructure of rocks through various
advanced laboratory techniques. Using a micro-photometer, Zhang et al. (2005, 2007) investigated the characteristics of micro thermal
crack development of sandstone samples when heated up to 1350 °C. The results showed that the microcracks of the sandstone sample
increased dramatically after 150 °C and then gradually stabilized before a second peak at 810 °C. Therma melting and decomposition
happens to part of the sandstone minerals upon further heating up to 1000 °C. Based on scanning electron microscopy (SEM) observation
and mineral component analysis of limestone after high temperature treatment, Liu et al. (2008) showed that the mineral compositions of
the sample changed continuoudly in the temperature range of 100-800 °C. The process aso included continuous water evaporation,
dehydration and phase change of enhydrite. Using X-ray diffractometer (XRD) and SEM, Zhang et a. (2014) analysed the minera
composition and fracture mechanism of high temperature treated mudstone samples after uniaxial compressive loading. The findings
demonstrated that extensive intergranular and intragranular cracks were formed when the temperature was raised above 800 °C.
Consequently, a significant reduction of the sample strength occurred.

The microscopic observations provide an important approach to gain afundamental understanding of the internal structure of rocksthat is
directly responsible for their mechanical characteristics as well astheir response to high temperatures. However, most of the micro-studies
mentioned above focused mainly on morphological observations on the sample surface and the mineralogical phase analysisin aqualitative
manner. Although it is believed that the changes of mechanical properties of rocks under high temperature depend strongly on the evolution
of the void network, few investigations have been conducted to investigate the changes in the rock internal pore structure as well as the
development of microcracks under high temperature. Micro X-ray Computed Tomography (micro-CT) is a powerful tool for detecting the
microscale pore structure with high resolution (voxel sizes down to 1um or smaller; avoxel is a 3D version of a pixel) compared to the
conventional medical X-ray tomography. Micro-CT and image analysis techniques are fast becoming key tools for accurate and non-
destructive characterization of the microstructure of many engineering materials such as metal alloys, ceramics, polymers, soils and rocks
(Stefaniuk et al., 2014). Thispaper aimsto provide abetter understanding of the complex cracking mechanisms and void network evolutions
that take place in the rock microstructure under increasing temperature. Experimental results of micro-CT scanning and traditional rock
mechanics tests performed on rock samples treated to a range of temperatures between 20 and 1000 °C are presented. Multistage triaxial
tests were used to determine the mechanical properties of the samples. X-ray diffraction (XRD) and thermal analyses (TA) were performed
to investigate the changes in the physical and chemical properties of the samples under increasing temperature. Micro-CT analyses were
performed on selected samplesin order to reveal the microstructural changes that take place as a result of the heating process.

2. Materials and methods
2.1 Specimen and preparation

An underground trial of UCG was conducted at the Wieczorek colliery in Poland in 2014. The UCG geo-reactor was located within a coal
seam at adepth of 450m. Prior to undertaking gasification, aborehole was drilled in the floor of the roadway above the gasified seam, from
which a core measuring approximately 9 mlong and 100 mm diameter was obtained. The roof of the roadway was found to contain mainly
fine and coarse sandstone. The obtained samples were sub-cored and ends ground flat to obtain specimens measuring approximately 37 mm
in diameter and 74 mm in height. Sixteen intact core samples were obtained for testing, asillustrated in Figure 1.

In order to improve the image quality and achieve high-resolution of 2D dliceimages in micro-CT analysis, a smaller sized sample is
preferred. The rock coring machine was used to make two samples with 10 mm diameter and approximately 20 mm height for the CT



scanning. As shown in Figure 2, two representative samples of coarse and fine sandstone were collected from the original core. Asthe XRD
and TA analyses require the testing materia to be the finely pulverized powder, samples collected at nearby positions were ground and
homogenized in an agate mortar.

2.2 Experimental program

After air drying for two weeks, samples were placed in a Carbolite laboratory chamber furnace for heat treatment, where the rate of the
temperature change was set using a built-in temperature controller. Temperature was gradually increased from room temperature to atarget
temperature at arate of 5°C/min in order to minimise thermal shock and the development of stressfractures. Samples were kept at the target
temperature for a minimum of 12 hours and then allowed to cool gradually back to room temperature. Four pre-treatment temperatures
were considered: 20°C (room temperature), 400 °C, 800 °C, and 1000 °C. The 16 core samples was insufficient to enable determination of
the failure envelope of the rocks at the four temperature values using conventional triaxial testing. Conventiona triaxial testing would
require a separate sample to be tested at each confining stress (minimum of 3 stresses) for each temperature. As such, multistage triaxial
testing was adopted, which allowed for 2 samplesto be tested at each temperature value, as detailed in Table 1. The multistage triaxial test
is useful when alimited number of samples are available and enables more consistent strength data by eliminating issues related to sample
variation. Multistage triaxial tests were conducted at confining stresses of 0, 6, 9, and 12 MPa. All tests were carried out according to the
suggested methods outlined in the International Society of Rock Mechanics (ISRM) guidelines (Brown 1981).

Table 1 presents measurements and percentage changes of volume, mass, and density of the 16 intact samples (note positive values indicate
an increase in parameter value). Figure 3(a) and (b) present the volume, mass, and density changes of the coarse and fine sandstone after
different temperature treatment (based on averaging values from the 2 samples). For both coarse and fine sandstone, upon heating to 400 °C,
not much differenceis observed for the parameters when compared to those at 20 °C. When the heat-treating temperature was increased to
800 °C, asignificant mass reduction, volume expansion, and porosity rise of the rock occurred. The fine sandstone is noted to exhibit more
severe changes than the coarse sandstone. When the temperature was increased further to 1000 °C, the change rate of the parameters
decreased; thistrend is more obvious for coarse sandstone samples.

2.3 Micro-CT and data processing

The Micro-CT scanning data presented in this paper was gathered using the XRADIA Versa XRM-500 micro-CT system available at the
University of Nottingham. It is one of only three systems of its kind currently in the UK. This state-of-the-art system is designed for non-
destructive micro tomography with high resolution 3D X-Ray imaging. It enables control over resolution and phase contrast across awide
range of sample sizes to support a diverse range of applications, including: semiconductor, material science, geology and life sciences.
Using the system, a CT scan was performed on the prepared rock samples after being subjected to heat treatment of 20, 400, 800, and
1000 °C. In order to obtain comparable imaging data, the same sample was used for CT scanning each time after the sample had been
cooled back to room temperature. To acquire a high resolution CT dlice image, cylindrical samples as small as possible are needed (Peng
et al. 2012). As mentioned in Section 2.1, two representative cylindrical specimens were prepared with 10 mm diameter and approximately
20 mm height. In order to further increase the resolution and save scanning time, the scan was conducted on a sub-volume in the centre of
the sample with a dimension of 5 mm diameter and 5 mm height. In total 1,024 images with a pixel size of 5 um were recorded. For typical
fine sandstone, the dominant pore-throat sizes ranges from about 0.1-90 um (Bloomfield et al. 2001). Therefore, not al the fine sandstone
pores could be detected by CT scanning using the current micro-CT system. However, for the purpose of examining pore characteristics of
the same sample subjected to different temperature treatment, such alimitation does not have a significant impact on results.

The 2D raw images of the rock sample obtained from the CT scanning were processed with Avizo 9.0, an advanced 3D visualization and
analysis software application designed for processing large three-dimensional data sets, principally those produced by X-ray CT. In order
to save computation time and enhance visual inspection effects, the image processing and analysis was performed on a subset volume of a
3x3x3 mm cube (600x600x600 voxels). Improving image quality is often necessary to obtain the best resultswith image analysis. Therefore,
in the first step, the Non-Local Means filter (extremely effective on noisy data while preserving edges) was applied for image smoothing
and noise reduction. The thresholding process group’s pixels lie between an upper and a lower boundary greyscale value. Each group
comprising pixels of similar grey scale values is associated, on the basis of the imaging of a known control specimen, with a constituent
element of the mixture. Thus the process assigns a specific range of grey valuesto air voids and other ranges to mixtures of minerals within
the rock, thereby allowing the pore structure of the rock to be separated out. The Avizo Interactive Thresholding module which prompts



users to determine the boundary greyscale threshold with a visual feedback was used to transfer the greyscale image into a binary image
with only interior pores and exterior materials. In this study, the boundary grey threshold was determined as the average of the greyscales
of pores and grains according to the standard approach of CT image processing in ASTM (1992). For comparison purposes, the same value
of boundary greyscale was selected as the threshold value that defined avoid for analysis of each sample. After thresholding, the resultant
2D dlice binary images were then used for the reconstruction of 3D pore structure.

3. Results
3.1 Mechanical testing results

Figure 4 (8)-(d) shows the stress-strain curves obtained from the multistage triaxial tests (confining stresses of 0, 6, 9 and 12 MPa)
performed on the coarse and fine sandstone sampl es. Peak stresses at each confining stress are indicated with cross-marks. The stress-strain
data show similar trends at the different confining stress levels with change of heating temperature for the two sandstone types; an initia
linear stage, followed by non-linear response, and finally brittle failure (at 12 MPa confining stress). Maximum stress is noted to increase
from room temperature to 400 °C, with little change in stiffness. For a preheating temperature of 800 °C, the strength increased again (most
notably for the fine sandstone), but with a considerable change in the sample stiffness (larger strains at peak stresses). The maximum stress
generally decreased dlightly for both samples treated to 1000 °C

Figure 5 presents the data of peak stress against preheating temperature at the four levels of confining stresstested in the multistage triaxial
tests (solid black lines/marks = coarse sandstone; dashed red lines/marks = fine sandstone). The solid lines pass through the average of the
values at each confining stress. The variation of the peak stresses with increasing temperature are shown to follow similar trends at different
confining stresses for the same type of sample. For fine sandstone, the peak stress increases as the preheating temperature increases up to
800 °C and then decreases as the temperatureisincreased from 800 to 1000 °C. Similar observations from sandstone under high temperature
were reported by Ranjith et al. (2012). The coarse sandstone is shown to be less sengitive to the effects of heat treatment compared to the
fine sandstone; only relatively small changes of peak stress with increasing preheating temperature are noted for the coarse sandstone.

Figure 6 shows secant Y oung’s modulus (at 50% of the maximum stress at a given level of confining stress) plotted against the preheating
temperature at different confining pressures. The fine sandstone is noted to have a higher Y oung’ s modulus than the coarse sandstone. The
Young's modulus of the fine sandstone (dashed red lines) decreases continuously with increasing preheating temperature, reducing by
about 70% at 1000 °C compared to room temperature. A sight increasein Y oung’'s modulus (5% ~ 10%) is noted for the coarse sandstone
(solid black lines) when the preheating temperature is below 400 °C. Both sandstones experienced a significant reduction of Young's
modulus when the preheating treatments increased from 400 to 800 °C, with an average reduction of about 50 % and 40 % for fine and
coarse sandstone, respectively. Similar variation patterns of the Y oung’s modulus of sandstone under increasing temperature were reported
by Wu et a. (2013).

3.2 XRD and TA results

X-ray diffraction (XRD) isarapid analytical technique used for phase identification of crystalline material. In order to investigate potential
changesin the mineral composition of sandstone with high temperature treatment, XRD analysis was performed on selected samples after
different temperature treatment. Both coarse and fine sandstone showed similar types of mineral composition from XRD analysis. Asshown
in Figure 7, from the diffraction intensity of X-rays at different detection angles, the crystalline phases of the material were identified and
represented by lines with different colours. Figure 7 (a) shows that the mineral composition of the sandstone at room temperature mainly
consistsof quartz, kaolinite, orthoclase and illite. After 800 °C thermal treatment (Figure 7 (b)), the diffraction intensity of quartz, orthoclase
and illite remains relatively stable, however kaolinite disappeared. By further heating the sample to 1000 °C, as shown in Figure 7 (c),
mullite was formed.

Asindicated in the chemical reaction equations:

1. Al203-2S102:2H20 (kaolinite) — Al203-2SiO2 (metakaolinite) + 2H01

2. Al203-2S02 (metakaolinite) — SiAl20a4 (spinel) + SiO2 (amorphous)

3. SiAI204 (spinel) + SiOz (amorphous) — 1/3 (3A1203:2Si0Oz) (mullite) + 4/3SiO2 (amorphous)

Kaolinite undergoes significant changes in its structure when heated up to high temperatures. Dehydration of kaolinite begins at
temperatures between 500 and 600 °C. Theloss of lattice water breaks up theregular crystal structure of kaolinite and produces adehydrated



phase with an amorphous structure, known as Metakaolinite (Equation 1). It is this decrystallization of kaolinite that leads to the
disappearance of its XRD patterns. The metakaolinite then transforms to a spinel structure and amorphous silica a a temperature around
800 — 900 °C (Equation 2). Upon further heating up to 1000 °C, recrystallization to form mullite takes place (Equation 3). Similar
observations on the thermal properties of kaolinite were reported by other researchers (e.g. Chen et al. 2000; Varga 2007; Ili¢ et al. 2010).

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimeters (DSC) are the two most commonly used thermoanalytical
techniques that have been applied in the investigation of the thermal response of materials. Under a controlled atmosphere with increasing
temperature, TGA measures the weight changesin amateria as a function of temperature and DSC measures the difference in the amount
of heat required to increase the temperature of a sample compared to areference material. The basic principle underlying DSC isthat when
the sample undergoes a transformation, such as a phase transition, more or less heat will need to flow into it compared to the reference
material to maintain both at the same temperature. Whether less or more heat must flow to the sample depends on whether the process is
exothermic or endothermic. By using the two techniques, the changesin the physical and chemical properties of materials that occur with
increasing temperature can be identified.

The results obtained from the TGA (plotted as solid black lines) and DSC (plotted as dashed red lines) analyses on the coarse and fine
sandstone are shown in Figure 8 (a) and (b), respectively. According to the TGA and DSC curves, the change of the sample property can
be divided into three stages for both types of sandstone. In the first stage, when temperature increased from 25 to 400 °C, release of
physically adsorbed water in the pores and on the surface of the sample occurs. This process resulted in a slight mass reduction. In the
second stage, when temperature increased from 400 to 800 °C, the dehydroxylation of kaolinitetakes place. Thisisindicated by asignificant
loss of the sample weight and an obvious endothermic peak at about 600 °C. In the third stage, as temperature raised above 800 °C,
recrystallization to form mullite occurs. Thisisindicated by an exothermic peak at about 1000 °C. Comparing the results presented in the
two figures, it is clear that amuch more significant mass reduction occurred in the fine sandstone (5.07%) than in coarse sandstone (0.76%)
as temperature increased from 50 to 1000 °C. The difference is especialy significant when the temperature increased from 400 to 800 °C,
where the dehydroxylation of kaolinite resulted in a mass reduction of 0.55% for coarse sandstone and 5.07% for fine sandstone.

3.3 Micro-CT results

Figures 9 and 10 show the 2D dlice images obtained from coarse and fine sandstone samples, respectively, after being subjected to different
temperature treatments. To have a better visual inspection, pores and cracks are marked with red (dark) in the images. The lighter white
and grey denote solid mineral grains, most of which is quartz according to the XRD analysis. As shown in Figure 9, coarse grains of the
sandstone, which have asize range approximately between 0.5to 1.0 mm, are cemented by bonding agent (dark grey) between neighbouring
particles. At room temperature, it can be observed that the microstructure of the coarse sandstone contains anumber of small fissures, both
intergranularly and transgranularly. Compared to the coarse sandstone, the fine sandstone has arelatively tight microstructure (Figure 10).
Fine grains are arranged in a uniform and compact manner, with micropores and cracks existing between mineral particles. In general, for
both types of sandstone samples, the characteristics of the cracking mechanism under increasing heating temperature are similar. The size
of pores and cracks does not show obvious change after being subjected to 400 °C. While after 800 °C treatment, it can be seen that pore
sizes aswell as the porosity of the sampleincreases significantly. A small number of microcracks develop in certain directions around grain
boundaries and contact points. Finally, with the high temperature treatment of 1000 °C, abundant intergranular and intragranular cracks are
developed through the sample mass which are closely connected with each other, forming a connected network of cracks.

As mentioned in Section 2.3, image processing was applied to a subset volume of a 3x3x3 mm cube with 600x600x600 voxels. The
different steps of the pore network extraction areillustrated in 3D imagesin Figure 11. Thefiltered 2D dlices were stacked into 3D images
of the block sample as shown in Figure 11 (a). Through binarisation, the greyscale images were transferred into binary images with only
interior pores in blue and exterior materias in black (Figure 11 (b)). In the next step, as shown in Figure 11 (c), the 3D pore structure of
the sample was separated out by volume rendering from the binarised images. Finally, in order to appreciate visually the partitioning quality
and more importantly to obtain statistics on the pore space data, pores were separated (represented with different colours) using the
“labelling” function in Avizo (Figure 11 (d)). The reconstructed 3D pore structures for fine and coarse sandstone samples after being
exposed to different temperature are presented in figures 12 and 13, respectively.

Following the pore |abelling step, statistics on the pore quantity and size were cal culated, which give a quantitative 3D rock pore structure
description. The pore-size distribution frequency histograms for the two samples with different temperature treatment are plotted in figures
14 and 15, respectively. The histograms are plotted with the horizontal axis representing pore volume range in units of “um®” and the
vertical axis representing porosity. By adding the obtained porosity in different volume ranges, the overall sample porosity was calculated



and shown in the legend of the plot. It should be noted that as the resolution of the 2D slice images was 5 um, the obtained minimum pore
volume is 125 pm3and pores with a volume less than 125 pum? could not be reconstructed. For coarse sandstone, as shown in Figure 14, the
measured total porosity of the sample is 20.05% at room temperature. Pores with a volume less than 10,000,000 um® make
up only asmall percentage of the total porosity, while the major component of porosity is from large sized interconnected poresthat are
distributed throughout the sample. Therefore, a secondary axis was used for pore volume range >10,000,000 um?; the datain thisrange are
marked with dash outlines. The accumulated porosities of pores with a volume size less than 100,000 um? are similar for samples with
different temperature treatment. However, with increasing temperature, an obvious decreasing trend in the porosity can be seen in therange
of 100,000 — 10,000,000 pm®. The most significant porosity change is related to large sized pores which have a volume size >10,000,000
um?®, where a rapid increase of the accumulated porosity can be observed when the temperature increased from 400 to 1000 °C. This
phenomenon can be attributed to the volume expansion of the pores and the connection of small to large sized pores under high temperature.

For fine sandstone, as shown in Figure 15, the pore size distribution shows a main peak in the pore volume range of 125-1,000 um?® at room
temperature (contributing about 69% of the overall sample porosity). After 400 °C treatment, there is a dight decrease in the quantity of
fine pores (125-1,000 um®), whilst there is an increase in the accumulated porosity of larger sized pores (1,000 — 1,000,000 umq). The
ateration of the fine pores to larger sized pores at 400 °C leads to a dight overall porosity increase from 2.28% to 2.81%. After 800°C
treatment, more significant changes take place in the sample microstructure, demonstrated by the increase of the accumulated porosity in
the pore volume range of 1,000 — 1,000,000 umq. Also, large sized pores with a volume larger than 1,000,000 um? were created. The overall
porosity of the sample was nearly 1.9 times higher than that at 400 °C. This change in the sample porosity can be attributed to the phase
transformation and partial melting of the minerals contained within the sandstone (Zhang et a. 2005; Wu et al. 2013). With the high
temperature treatment of 1000 °C, the accumulated porosity appears to be increased significantly in all the pore volume ranges with a peak
in the range of 1,000-10,000 um?.This change can be attributed to the propagation of existing cracks and the formation of new microcracks
in the sample.

4. Discussion

The strength of rock depends on a number of factors, such as mineralogical composition; textural and microstructural characteristics,
including void space, water content, grain size, shape and arrangement; microcrack distribution and fracture mechanism; the strength of
the mineral constituents and the nature of the bonding between them. In a similar manner to strength, the elastic response of rock depends
mainly on the elastic properties of the constituent minerals, the degree of cementation and porosity (Sygata et al. 2013). Under the influence
of high temperatures, another important factor that affects rock strength and elastic response is the thermal expansion of the constituent
minerals. At high temperatures, varying thermal expansion characteristics within different mineral grains causes thermal stresses in the
mineral structure to increase, potentialy leading to the fracture of individual mineral grains and expansion of inner cracks, which may
further lead to disaggregation of the rock (Huotari and Kukkonen 2004; Wan et al. 2009; Zhang et a. 2014). In addition to structural
deformation induced by mineral expansion, other factors which may lead to alteration of the rock internal structure include dehydration,
decomposition, melting, and phase-change reactions (Zhang et al. 2005; Tian et al. 2012; Wu et d. 2013).

The data presented indicates that high temperatures have a significant effect on the mechanical properties of sandstone. The changes due
to heating can be divided into three stages. First, for temperatures up to 400 °C, physically adsorbed water within the pores is evaporated
and gases contained within the inner structure of the rock are emitted. This reduction of moisture content (for a given volume) has been
shown to have a positiveimpact on rock strength (Erguler and Ulusay 2009) due to the additional void space available to allow compaction.
For both coarse and fine sandstone, the pores and microcracks become smaller under axial compression, especially after the onset of plastic
yield. Thus, the combined action of thermal evaporation and axial compression increases the density of the rock and its ability to resist
deformation.

In the second stage, for temperaturesin the range of 400 to 800 °C, the sandstone constituent mineral kaolinite losesits constitutional water
and begins decomposing (at about 600 °C). The loss of lattice water breaks up the regular crystal structure of kaolinite and produces a
dehydrated phase known as metakaolinite, which can be considered as a semi-crystalline mineral with amorphous structure (Ili¢ et al. 2010).
A significant reduction of mass, increase in volume, and increase in porosity is associated with this phase transformation, resulting in arise
isthe porosity of the rock. Further heating to 800 °C initiates the formation and development of microcracks in the structure of sandstone.
However, extensive propagation and coalescence of microcracks does not yet take place in the rock mass. The stiffness of the sandstone
under axial compression decreases as a result of the increased porosity. Similar to the compression mechanism observed in the first stage,



atemporary increase or a maintaining of the rock strength can be attributed to the reduced dliding between particles under axial loading.
Fine sandstones exhibits more significant strength increase and stiffness reduction than coarse sandstones after 800 °C treatment. This
behaviour can be attributed to the structural characteristics of the two types of samples. Comparing with fine-grained sandstone, the higher
porosity of the coarse-grained sandstone reduces the potential of cracking due to expansion of minerals. Therefore, the effect of thermal
treatment is comparatively less significant in coarse sandstones.

In the third stage, when temperature rises above 800 °C, the mineral composition of sandstone becomes unstable. Anisotropic deformations
take place due to differing thermal expansion coefficients of constituent minerals, depending on the crystallographic orientation of the
minerals (Huotari and Kukkonen 2004). This results in stress concentrations at grain boundaries and contact points. New microcracks
develop when thermal stresses exceed the material strength. Melting and thermal decomposition may also occur and contribute to the
development of microcracks. Upon further heating, networks of microcracks propagate and grow; intragranular cracks and propagation of
intergranular cracks may lead to fracturing of individual mineral grains, which may further lead to obvious disaggregation of the rock
structure. Under loading, extensive microcracks propagate rapidly along different directions through the sample mass, leading to a
significant reduction of the strength and stiffness. On account of more significant propagation and coal escence of microcracks, the strength
of fine sandstone was reduced more than that of coarse sandstone after being heated to a temperature of 1000 °C.

5. Conclusions

This paper presented data from micro-CT scanning and traditional rock mechanics tests performed on sandstone samplestreated at arange
of temperatures between 20 and 1000 °C. Multistage triaxial tests were used to determine the mechanical properties of the samples. XRD
and thermal analyses were performed as supplementary methods to better understand the physical and chemical changes of the sandstone
under increasing temperature. Micro-CT analyses were carried out on selected samplesin order to reveal the microstructural changes that
take place as a result of the heating process. 3D characterization of the sample porosity and pore size distribution were performed in a
manner of quantitative comparison between samples with different temperature treatment. The relationship between micro-structure and
macro-mechanical characteristics of sandstone at high temperature was then discussed. The results obtained from the investigations suggest
that the mechanical property changes of sandstone with increasing temperatureis closely related to its physical and chemical changeswhich
can be divided into three stages:

e Inthefirst stage, from room temperature to 400 °C, physically adsorbed water within pores is evaporated and gases contained in the
inner structure of the rock are emitted. The combined action of thermal evaporation and axial compression increases the density of the
rock and its ability to resist deformation under axial compression. This resultsin an increase in strength and reduction of stiffness of
the rock.

e  The second stage from 400 to 800 °C involves the most significant processes that change the physical and mechanical properties of
sandstone. Decrystallization of kaolinite and the formation of metakaolinite take place at a temperature around 600 °C, resulting in a
significant reduction of mass and increase in volume and porosity. Heating to 800 °C causes the formation and development of
microcracks due to thermal expansion of the constituent minerals. The stiffness of the sandstone under axial compression decreases
as a consequence of increased porosity. The increased porosity exhibited a positive impact on the rock strength, possibly caused by
reduced dliding between particles under compression.

e |n the third stage, for temperatures above 800 °C, the mineral composition of sandstone becomes unstable. Variation of thermal
expansion coefficients of constituent minerals results in stress concentrations at grain boundaries and contact points. Melting and
thermal decomposition of the constituent minerals also takes place. The development of both intragranular and intergranular cracks
and the formation of crack networks lead to breakage of the rock structure, resulting in asignificant reduction of the rock strength and
elastic modulus under applied loading.

This study demonstrates the suitability of applying the computed micro-tomography technique to provide detailed non-destructive
characterization of the three-dimensional rock fabric. Statistical analysis of porosity and pore size distribution was achieved by analysing
the 3D images. The characterization provides valuable data for the understanding of complex cracking mechanisms and void network
evolutionsthat take place in the rock microstructure under increasing temperature. The insight into the true spatial arrangements of the rock
fabric makes it possible to track the correspondence between the micro-structure and macro-mechanica characteristics of rocks. It can be
concluded that X-ray micro-tomographic scanning coupled with image analysis techniques has significant potential to become a common
tool and powerful approach to be applied in geosciences.
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Notation

The following isalist of symbols used in this paper:

E = Young's Modulus
O = Angle of diffraction



Table 1. Details of intact cores

“CS’ Coarse Sandstone; “FS’: fine sandstone; “+": increase; “-": decrease



Figure 1 Laboratory prepared intact core samples (top: coarse sandstone; below: fine sandstone)

Figure 2 (a) Coarse sandstone and (b) fine sandstone samples prepared for CT scanning
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Figure 3 Volume, mass and density changes for (a) Coarse sandstone and (b) fine sandstone, after
different temperature treatment
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Figure 4 Stress-strain curves obtained from multistage triaxial tests for: (a), (b) coarse sandstone and
(c), (d) fine sandstone
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Figure 5 Peak stress obtained at different confining stress levels for coarse and fine sandstone
samples
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Figure 6 Secant Young’s modulus at different confining stress levels for coarse and fine sandstone
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Figure 7 XRD results on sandstone samples with different temperature treatment: (a) 20 °C; (b) 800

°Cand (c) 1000 °C
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Figure 8 Results obtained from TGA (black solid) and DSC (red dashed) analyses on: (a) coarse

sandstone and (b) fine sandstone
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Figure 9 2D slice images (3x3 mm) with resolution of 5 um obtained from coarse sandstone sample
after different temperature treatment
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Figure 10 2D slice images (3x3 mm) with resolution of 5 um obtained from fine sandstone sample
after different temperature treatment

(b)

Figure 11 Four main steps of acquisition of 3D rock pore structure: (a) acquisition of a 3D block; (b)
isolating the porosity by binarisation; (c) volume rendering of pores from the binarised images; (d)
labelled image of pore structure
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Figure 12 Reconstructed 3D pore structure (3x3x3 mm) for coarse sandstone sample after different
temperature treatment
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Figure 13 Reconstructed 3D pore structure (3x3x3 mm) for fine sandstone sample after different

temperature treatment
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Figure 14 Pore-size distribution frequency histogram for coarse sandstone sample after being

subjected to different temperatures
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Figure 15 Pore-size distribution frequency histogram for fine sandstone sample after being subjected
to different temperatures



